Introduction
A typical pneumatic servo system consists of a proportionally controllable four-way spool valve and a pneumatic cylinder, as depicted in Fig. 1 . In this system, the position of the valve spool controls the airflow into and out of each side of the cylinder, which in turn results in a pressure differential across the piston that imposes an actuation force on the load. In such a system, feedback control is incorporated to command the valve spool motion input that will result in a desired output motion of the piston and associated load. A considerable amount of work has been conducted in the modeling and feedback control of such systems, including the work by Shearer ͓1-3͔, Mannetje ͓4͔, Ben-Dov and Salcudean ͓5͔, Wang et al. ͓6͔, Maeda et al. ͓7͔, Ning and Bone ͓8͔, Bobrow and McDonell ͓9͔, and Richer and Hurmuzlu ͓10, 11͔, among others. Most applications involving servo actuation draw energy from an essentially limitless reservoir of power ͑i.e., from a power plant͒. In many applications, however, the available energy may be considerably more limited ͑e.g., in the case of a mobile robot͒, and in such cases, the energetic efficiency of the system is significant. Because pneumatic actuators generally contain a considerable amount of stored energy due to their compressibility, and since this stored energy can in theory be moved from one part of the actuator to another in a controlled fashion via valves, pneumatic systems offer unique possibilities with regard to the energetic efficiency of control.
Some of the prior work that treats energy saving in a pneumatic actuation system includes that by Sanville ͓12͔, Quaglia and Gestaldi ͓13, 14͔, Pu et al. ͓15͔, Wang et al. ͓16͔, Kawakami et al. ͓17͔, Arinaga et al. ͓18͔, Bachmann and Surgenor ͓19͔, Brun et al. ͓20͔, and Al Dakkan et al. ͓21, 22͔ . Specifically, Sanville ͓12͔ proposes the use of a secondary reservoir in an open-loop system to collect exhaust air rather than vent it to atmosphere, then reuse the stored air on the return stroke. Quaglia and Gestaldi ͓13,14͔ propose a nonconventional pneumatic cylinder that incorporates multiple cylinder chambers embedded into a single actuator with the intent of recycling compressed air. Pu et al. ͓15͔ describe a pneumatic arrangement that incorporates a standard four-way spool valve controlled pneumatic servoactuator, with an additional twoway valve between the two sides of the cylinder. Wang et al. ͓16͔ studied the use of input shaping to choose a command profile for point-to-point motions that would result in energy savings for closed loop pneumatic servoactuators, and showed that some velocity profiles could reduce energy demand relative to other profiles. Kawakami et al. ͓17͔ and Arinaga et al. ͓18͔ utilized metering circuits to reduce the airflow requirements for open-loop point-to-point motions. Bachmann and Surgenor ͓19͔ propose the use of a closed-circuit pneumatic system, which rather than exhaust air to atmosphere, exhausts to a low-pressure reservoir, from which the main compressor feeds ͑i.e., the configuration is somewhat like a hydraulic approach͒. Finally, Brun et al. ͓20͔ and Al Dakkan et al. ͓21,22͔ each implement an approach based on decoupling a standard four-way valve into a pair of three-way servo valves, and each presents a method for the closed-loop servocontrol of this configuration in the context of energy saving.
Like the work of Brun et al. and Al Dakkan et al., this paper presents an approach for the closed-loop servocontrol of pneumatic actuation in the context of energy saving. The decoupled configuration ͑utilized in Brun et al. and Al Dakkan et al.͒ enables independent control of cylinder chamber pressures, but does not enable the reuse or recycling of pressurized air. Unlike that work, the work presented herein utilizes a crossflow configuration rather than a decoupled configuration, such that pressurized air can be recycled. The valve configuration utilized in this work is similar to that used in the work of Pu et al. ͓15͔. The control approach, however, is quite different. Specifically, Pu et al. utilize a linear control approach that assumes for simplicity that the command to the crossflow valve is linearly related to the command to the standard ͑four-way͒ valve. Further, the results presented by Pu et al. do not quantify the energy savings provided by their approach ͑relative to a standard approach͒, and thus the effectiveness of the proposed approach is unclear. The work presented in this paper incorporates a nonlinear control approach that constrains the valves only by the tracking and energy saving objectives, and experimentally demonstrates the effectiveness of the proposed approach relative to a standard ͑four-way valve͒ approach. air, and thus the potential for energy saving control. The crossflow configuration is shown in Fig. 2 . Assuming the input to this system is the valve area command to each valve, and that the output of interest is the piston motion, the input/output behavior of the crossflow configuration can be described as follows. Assuming a combined inertial and viscous load, the motion dynamics of the system can be described as
where M is the mass of the piston and rod assembly, B is the viscous friction coefficient, A a and A b are the effective areas of each side of the piston, and A r is the cross-sectional area of the piston rod. Differentiating ͑1͒ with respect to time gives
Assuming air is a perfect gas undergoing an isothermal process, the rate of change of the pressure inside each chamber of the cylinder can be expressed as
where P ͑a,b͒ is the absolute pressure inside each side of the cylinder, ṁ t͑a,b͒ is the total mass flow rate into or out of each side of the cylinder, R is the universal gas constant, T is the fluid temperature, and V ͑a,b͒ is the volume of each cylinder chamber. Substituting ͑3͒ into ͑2͒ gives
The mass flow rate into or out of each chamber ṁ t͑a,b͒ is the combination of the mass flow from the four-way valve, ṁ ͑a,b͒ , and the mass flow through the crossflow valve, ṁ c . Given a crossflow mass flow rate defined as positive from chamber b to chamber a ͑as shown in Fig. 2͒ , the relationship can be expressed mathematically as
Substituting ͑5͒ and ͑6͒ into ͑4͒ gives
The volume in each chamber is a geometric function of piston displacement x, given by
where x = 0 at the midpoint of the cylinder and L is the length of the cylinder. Note that due to the dead space at each end of the cylinder, ͉x ͉ Ͻ L /2 ͑i.e., the volume is never zero͒. The rate of change of the chamber volume is given by
Substituting ͑8͒ and ͑9͒ into ͑7͒ gives the following equation:
As is standard in pneumatic systems, the mass flow rate through each valve can be described by
where Transactions of the ASME where A v is the valve orifice area, C f is the discharge coefficient of the valve ͑accounts for irreversible flow conditions͒, P u and P d are the upstream and downstream pressures, respectively, ␥ is the ratio of specific heats, C r is the pressure ratio that divides the flow regimes into unchoked ͑subsonic͒ and choked ͑sonic͒ flow. As such, the mass flow rates can be expressed as
where A v,1 is the signed effective area of the four-way control valve, and A v,2 is the non-negative effective area of the two-way crossflow valve. Note that when A v,1 is positive, chamber a is connected to the supply and chamber b is connected to the exhaust; when A v,1 is negative, chamber a is connected to the exhaust and chamber b is connected to the supply. Combining ͑10͒ with ͑13͒-͑15͒ gives the full input/output model of the pneumatic servoactuator in a crossflow configuration from the effective valve area inputs, A v,1 and A v,2 , to the load position output, x.
Controller Design
Based on this model, an energy-saving controller can be developed to minimize the consumption of compressed air. Specifically, tracking of a given trajectory with a given load will dictate a given mass flow rate into or out of the respective sides of the pneumatic cylinder. In cases where the pressure in the chamber being depressurized is greater than the pressure in the chamber being pressurized, the required mass flow rate can be supplemented via use of the crossflow valve. As such, the proposed controller can be developed by first calculating the control effort ͑i.e., differential mass flow rate͒ required for tracking, and second by calculating the extent to which the crossflow can contribute to that differential mass flow.
Calculation of the Differential Mass Flow Rate.
The first term on the right-hand side of ͑10͒ is the only term affected by the system inputs. In order to simplify the controller design, an intermediate input called the control effort is defined in such a way that the system dynamics are affine in the intermediate control variable. The intermediate control effort is therefore defined as
such that substitution into ͑10͒ gives
Thus expressing the system dynamics in control canonical form, a sliding mode approach can be utilized for the control of the inter- 
where e = x − x d , x d is the desired position, and is a control gain. The corresponding sliding condition is
where is a positive constant. In order to satisfy the sliding condition in the presence of the model uncertainty, a sliding mode control law is developed as described in ͓23͔:
where f and b are nominal values for the expressions ͑19͒ and ͑20͒. Note that ͑23͒ typically calculates the control input ͑as is the case in ͓23͔͒, but in this case it instead calculates the nominal value of the intermediate control variable, ũ. The actual control inputs ͑i.e., the open areas of control valves, the computation of which is described subsequently͒ must then be computed from the nominal value ũ based on ͑11͒-͑16͒, all of which entail model and parametric uncertainty. By distinguishing between the nominal and actual values of the intermediate control variable, this uncertainty can be explicitly accounted for in the determination of the robustness gain. Specifically, the robustness gain k that will satisfy the sliding condition can be determined by substituting ͑18͒, ͑21͒, ͑23͒, and ͑24͒ into ͑22͒. Note that the sliding condition ͑22͒ can be rewritten as
After substitution and rearrangement, the value of robustness gain to satisfy ͑25͒ is obtained as
Defining the bounds on the uncertainty in f, b, and u, respectively, as 
the robustness gain ͑26͒ can rewritten as
Note that the control uncertainty U is zero in typical sliding mode control ͑i.e., as described in ͓23͔͒, but is necessary in this case to account for the model uncertainty between the intermediate and actual control inputs. As would be expected, and as clearly indicated by ͑30͒, the effect of the added control uncertainty is simply to increase the magnitude of the robustness gain.
Relative Contributions of Crossflow and Direct Flow.
As discussed previously, the total control effort is composed of a direct flow portion ͑i.e., mass flow rate from the four-way valve͒ and a crossflow portion, and as such the control input can be expressed as
where
where u ab is the direct flow component of the intermediate control effort and u c is the crossflow component. Note that due to the dead space at each end of the cylinder, ͉x ͉ Ͻ L / 2, and thus the control efforts will remain finite. From ͑33͒ it can be observed that the crossflow contribution to the control effort u c has the same sign as the crossflow rate ṁ c , which in turn depends solely on the difference between the chamber pressures, ⌬P = P a − P b , as indicated by ͑15͒. Since effective recycling of the mass flow requires that the crossflow component always add constructively to the intermediate control effort ͑i.e., the differential mass flow rate͒, the relationship between the crossflow and the intermediate differential flow control input can be considered in two cases:
In case 1, the crossflow u c has the same sign as the control effort ũ, and thus the recycled crossflow is constructive with regard to the desired tracking effort. As such, the crossflow valve is opened and the valve area computed by combining ͑15͒ and ͑33͒ such that
The remainder of the intermediate control effort ũ ͑i.e., the remainder of the required differential mass flow rate͒ must be provided by the four-way valve, and thus its commanded area is given by combining ͑13͒, ͑14͒, ͑31͒-͑33͒, and ͑36͒ and ͑37͒ 
In case 2, the contribution of the crossflow u c would be in the opposite direction of the control effort ũ ͑i.e., nonconstructive recycling͒, and thus the two-way valve should remain closed
The entire differential mass flow must in this case be provided by the four-way valve, such that the signed area is given by
Note that ͑42͒ is also the control law for a standard sliding mode controller ͑i.e., in the absence of a two-way crossflow valve͒. The two-input control law can be summarized as follows: if ͑34͒ is satisfied, calculate the valve inputs with ͑36͒ and ͑38͒; otherwise calculate the valve inputs with ͑41͒ and ͑42͒.
Experiments
The proposed controller was implemented on an experimental setup to demonstrate the tracking performance and to quantify the energy saving, relative to a standard configuration ͑i.e., four-way valve͒. The experimental setup, which is shown schematically in Fig. 2 , consists of a 2.7 cm ͑1−1/16 in.͒ inner diameter, 10 cm ͑4 in.͒ stroke pneumatic cylinder ͑Numatics 1062D04-04A͒ controlled by a pair of proportional servovalves ͑FESTO MPYE-5-M5-010-B͒, configured as a four-way valve and a two-way ͑cross-flow͒ valve, respectively. The output of the pneumatic cylinder was connected to a linear slide, upon which a mass of 10 kg was mounted. Displacement of the slide ͑and actuator͒ was measured with a linear potentiometer ͑Midori LP-100F͒, while the pressure in each cylinder chamber was measured by a pressure sensor ͑FESTO SDE-16-10 V / 20 mA͒. The velocity and acceleration of the load ͑ẋ and ẍ͒, both of which are also required for the implementation of the controller, were provided via filtered differentiation of the measured position with a filter roll-off at 25 Hz. For the evaluation of the energy ͑i.e., pressurized supply mass͒ expenditure, a mass flow meter ͑Hastings HFC-202͒ was used to measure the mass flow rate from the air supply, which was integrated over the duration of the experiment to obtain the cumulative compressed air consumption. A comparison was performed for this setup between a standard pneumatic servo system and the proposed crossflow energy saving servo system. The standard system, which was controlled by a single four-way spool valve, utilized a sliding mode controller where the control law is given by ͑23͒ and ͑42͒. Note that the control law ͑23͒ was slightly modified, as is typical in sliding mode control, by using sat͑s / ͒ in place of the sgn͑s͒ function in order to avoid chattering in the control signal. The model and controller parameters used for the sliding mode controller are given in Table 1 . The crossflow system, which was controlled by a four-way spool valve in combination with a twoway crossflow valve and by the use of the crossflow controller as given by ͑34͒-͑42͒, utilized the same model and control parameters as those used on the standard setup ͑i.e., the parameters listed in Table 1͒ . Both controllers were implemented at a sampling rate of 1 kHz on a Pentium 4 processor with the real-time interface provided by Matlab/Simulink ͑The MathWorks, Inc.͒. Figures 3, 4 , and 5 show a comparison of tracking performance of the crossflow approach with the standard sliding mode approach corresponding to sinusoidal desired position trajectories of 0.25 Hz, 1.0 Hz, and 1.5 Hz, respectively, indicating that both approaches provide similar tracking performance. Figure 6 shows the valve commands for the crossflow configuration corresponding to tracking at 1.0 Hz ͑i.e., Fig. 4͒ , while Fig. 7 shows for comparison the corresponding single valve command for the standard approach. Figures 8 and 9 show the same commands over a single cycle. Comparing the four-way valve commands for the crossflow controller ͑Fig. 8, top͒ and the standard controller ͑Fig. 9͒, it is evident that the majority of the initial positive command ͑from approximately 2.0 to 2.3 s͒ required in the standard approach is absent from the crossflow command. It is further evident from the two-way valve command for the crossflow controller ͑Fig. 8, bottom͒, that the mass flow required during this initial 20-30% of the cycle is being supplied by the crossflow valve. A similar effect, although somewhat attenuated, can be seen in the latter 20% of the cycle ͑from approximately 2.8 to 3.0 s͒. Additionally, as can be seen in Fig. 8 , when the two-way valve is capable of providing all the control effort needed ͑the valve is Transactions of the ASME open but not saturated͒, the four-way valve is closed and no air is drawn from the supply. As such, the same control mass flow is achieved, with less total mass flow from the supply. Figure 10 shows the cylinder chamber pressures corresponding to the crossflow configuration for tracking at 1.0 Hz. Note that the energy saving is enabled when the pressure trajectories cross, enabling the constructive recycling of the mass from one chamber to the other. Note that the average pressure in chamber a is in general lower than the average pressure in chamber b, since the tracking task is symmetric, but the piston areas are asymmetric, requiring a higher pressure in chamber b to provide the same actuator force. Since crossflow recycling is enabled when the pressure traces cross, a symmetric cylinder ͑i.e., either rodless or double rod cylinder͒ would provide considerably greater opportunity for crossflow energy saving. Figure 11 shows the energy ͑i.e., mass flow͒ expenditure of the crossflow and standard approaches corresponding to the 1.0 Hz trajectory tracking, indicating significantly less required mass flow for the crossflow approach. The relative energy expenditure of the crossflow approach versus the standard approach at various tracking frequencies, and for a step input, is summarized in Table 2 . As indicated in the table, the proposed approach reduces the air consumption 25-40% for sinusoidal tracking at frequencies between 0.25 Hz and 1.5 Hz, and 52% for step input tracking. It can be further observed that the energy saving effect tends to decrease with the increase of the tracking frequency, which is due primarily to the ͑area͒ saturation of the two-way valve. Higher tracking frequency requires a larger control effort, which effectively saturates the two-way valve and thus requires the additional mass flow from the supply. Note that, as seen from Fig. 6 , the valve area required of the crossflow valve is much larger than that of the four-way valve, since the driving pressure difference across the valve is in general much smaller.
Conclusion
This paper presents a crossflow energy saving approach that enables significant energy saving for a pneumatic actuator in the context of servo actuation. Experimental results were presented that demonstrate reduced energy consumption by 25-52% relative to a standard four-way valve configuration, with essentially no sacrifice in tracking performance. 
